We iuirh to thank B A . Kooq forstintuhtitzg suggestonsandPmfBJ. James FREDERIKS, BOSCH, VAN DEN MUNCKHOF, VAN NOORDEN 10% for editorial criticism. We are grateful to Mr J.i?M. Peeterse and Mr C. Gauemeijer for preparing the graphs and micrographs.
A tecently developed histochemical technique to demonstrate xanthine oxidase activity in milk globules of bovine mammary gland and in epithelial cells of rat small intestine using cerium ions and a semipermeable membrane was slightly modified. The semipermeable membrane method was replaced by the addition of 10% (wh) polyvinyl alcohol to the incubation medium. This technically more simple procedure enabled detection of xanthine oxidase activity in unfmed cryostat sections of rat liver. Both methods gave qualitatively and quantitatively similar results. Activity was found in sinusoidal cells and in liver parenchymal cells, with 50% higher activity in pericentral than in periportal areas. The specificip of the reaaion was proven by the generation of only small amounts of fmal reaction product on incubation either in the absence of the substrates hypoxanthine or oxygen or in the presence of hypoxanthine and allopurinol. Al-lopurinol is a specific inhibitor of xanthine oxidase activity. The amount of final reaction product, as measured cytophotometrically in rat liver, increased linearly with incubation time (15-90 min) and with section thickness (up to 12 pm). By varying the hypoxanthine concentrations, a Km value of 0.05 mM was found. Addition of dithiothreitol to the incubation medium reduced the amount of final reaction product by 85%, which was caused by conversion of reversible xanthine oxidase into xanthine dehydrogenase. This histochemical method can be used for quantitative analysis of in situ xanthine oxidase activity. (]Hisrochem Cytochem Introduction Xanthine oxidoreductase exists in two functionally distinct forms: an NAD+-dependent dehydrogenase (D-form; EC 1.1.1.204), which produces NADH and urate, and an oxygen-dependent oxidase (0-form; EC 1.2.3.2), which produces oxygen radicals and/or Hz02 and urate. Conversion of xanthine dehydrogenase into xanthine oxidase may occur reversibly via oxidation of sulfhydryl groups and irreversibly by proteolysis (Della Cone and Stirpe, 1972; Stirpe and Della Corte, 1969) .
It is still a matter of debate whether conversion of xanthine dehydrogenase into xanthine oxidase occurs during ischemia and whether the increased xanthine oxidase activity is responsible for production of reactive oxygen species during reperfusion after ischemia (De Groot and Littauer, 1988; McKelvey et al., 1988; Engerson et al., 1987) . To elucidate the possible role of either form of the enzyme in tissue damage due to ischemia-reperfusion processes, we have developed two methods to localize their activity histochem-ically. Unfixed cryostat sections are used to avoid any inactivation or conversion of the enzymes during fixation Van Noorden and Frederiks, 1993; Sackler, 1966) . The first method is the tetrazolium salt method, which allows histochemical localization of the total activity of both forms (D-and 0-forms) . High total activity was found in epithelial, endothelial, and connective tissue cells of many rat organs (Kooij et al., 1992a) , but only in liver and jejunum in humans (Kooij et al., 1992b) . The second method enables the demonstration of the 0-form only and is based on the use of cerium ions to capture HzOz (Briggs et al., 1975) and a second-step medium containing diaminobenzidine, cobalt ions, and H202 to visualize cerium perhydroxide at the light microscopic level (Gossrau et al., 1989; Angermuller and Fahimi, 1988) . A semipermeable membrane was interposed in between sections and gelled incubation media (Pate1 et al., 1991) to prevent leakage of soluble enzymes from the section into the incubation medium. High activity was demonstrated in milk globules of bovine mammary gland and in epithelial cells of rat small intestine (Frederiks and Mam, 1993; Van Noorden and Frederiks, 1993) , whereas relatively low activity was found in sinusoidal cells and liver parenchymal cells (Frederiks et al., 1993a) . These FREDERKS, BOSCH, VAN DEN MUNCKHOF, VAN NOORDEN . ..
findings are in agreement with biochemical data that in milk globules the 0-form is predominant and intestinal tissue contains large amounts of the 0-form, whereas in liver the 0-form represents only 10-20% of the total xanthine oxidoreductase activity of the enzyme Uarasch et al., 1981; Della Cone and Stirpe, 1972) . Moreover, it was found that ischemia up to 2 hr did not affect the enzyme activity in small intestine and liver (Frederiks et al., 1993a) . It is clear that histochemical detection of xanthine oxidase activity is an important tool to acquire information on the behavior of the enzyme under pathophysiological conditions. However, until now it has not been determined whether the amount of final reaction product generated by xanthine oxidase activity is a quantitative reflection of the in situ enzyme activity. Therefore, in the present study we investigated the validity of the histochemical procedure to detect xanthine oxidase activity in rat liver based on criteria proposed by Stoward (1980) . Moreover, we tried to simplify technically the histochemical method by the introduction of polyvinyl alcohol in the first incubation step instead of the application of a semipermeable membrane (for a review of both methods see Van Noorden and Frederiks, 1992) .
Materials and Methods
Three male Wistar rats weighing 200-250 g were used. Animals were sacrificed under ether anaesthesia between 0900 and 1000 hr to avoid chronobiological variations. Livers were cut into pieces up to 0.5 cm3 and frozen in liquid nitrogen in closed vials. Tissue blocks were stored at -8O'C until further use. Biochemical studies on homogenates of rat liver performed by Kooij et al. (1994) demonstrated that freezing and/or storage at -8O'C of the frozen material did not affect xanthine oxidase activity. Cryostat sections 8 pm thick were cut on a motor-driven Bright cryostat fitted with a retraction microtome, using a constant low speed to obtain sections of constant section thickness . Incubations for demonstration of xanthine oxidase activity were performed with either the semipermeable membrane technique or with media containing 0-18% polyvinyl alcohol. The semipermeable membrane technique was applied as described previously (Frederiks and Mant. 1993; Frederiks et al., 1993a) . The incubation medium contained 100 mM Trismaleate buffer, pH 8. 10 mM cerium chloride, 100 mM sodium azide, and 0.5 mM hypoxanthine . Incubations lasted for 60 min at 37'C. Incubations were also performed in the presence of 0. 10, or 18% (w/v) polyvinyl alcohol (PVA; average MW 70,000-100,000) (Sigma: St Louis, MO) (Van Noorden and Vogels. 1989). After incubation with the PVA-containing media, sections were washed in hot distilled water (60'C) to stop the reaction immediately and to remove the viscous incubation medium.
The visualization step for both incubation procedures was performed by incubating sections for 30 min at room temperature in 50 mM acetate buffer, pH 5.3, 42 mM cobalt chloride, 100 mM sodium azide, 1.4 mM diaminobenzidine. and 0.6 mM HzOz (Gossrau et al., 1989) . After rinsing, the sections were embedded in glycerol jelly. The specificity of the reaction was studied by incubating in the absence of hypoxanthine or in the presence of hypoxanthine and 1 mM allopurinol, a specific inhibitor of xanthine oxidoreductase (Massey et al., 1970) . Moreover, incubations were performed in the presence of 100% oxygen or 100% nitrogen instead of air. The possible involvement of catalase and/or peroxidase activities in the reaction was studied by omitting sodium azide from the first incubation step medium. The effect of adding 10 mM dithiorhreitol to the incubation medium was also studied. This compound reduces oxidized SH groups of the enzyme converting the reversible 0-form into the D-form (Della Corte and Stirpe, 1972) .
The validity ofthe reaction was investigated by incubating sections 2-22 pm thick for 60 min at 37'C and by incubating 8-pm-thick sections for 15-120 min at 37°C. The affinity and maximal velocity of xanthine oxidase towards hypoxanthine were determined by incubating sections in the presence of increasing substrate concentrations up to 2 mM. Enzyme activity was analyzed cytophotometrically with a Vickers M 85a scanning and integrating cytophotometer. The integrated absorbance was measured at 575 nm (Hiraoka et al., 1985) in 5 periportal and 5 pericentral areas (randomly chosen) of each of four consecutive sections for each incubation. The readings were taken using a x 6.3 Leitz planachromatic objective (NA 0.20) and a mask with a diameter of 63 km, thus providing an effective scanning area of 3119 pm2. The band width was set at 65 and a scanning spot with an effective diameter of 3.2 pm was used. The relative integrated absorbance readings as recorded by the instrument were converted into mean integrated absorbance values (Van Noorden and Butcher, 1986) . Kinetic parameters of the enzyme were calculated according to the method of Wilkinson (1961). Student's t-test was employed for statistical analysis; differences were tested at the 0.05 level of significance. Regression analyses of the plots were performed where appropriate.
Results
Similar results were obtained with either the semipermeable membrane technique or by adding 10% or 18% polyvinyl alcohol to the incubation medium for incubation of unfixed cryostat sections of rat liver for the demonstration of xanthine oxidase activity. Cytophotometric analysis indicated that the amount of final reaction product formed specifically by xanthine oxidase activity (test minus control kction) was not significantly different with the semipermeable membrane (MIA 0.304 * 0.029) or with 10% polyvinyl alcohol (MIA 0.356 * 0.035). When unfixed sections were incubated in aqueous incubation media lacking polyvinyl alcohol, no reaction product was observed either in the presence or in the absence of hypoxanthine. For reasons of convenience, the 10% polyvinyl alcohol method was used in all further experiments. Figure   1 shows that final reaction product was generated in sinusoidal cells and in distinctly lower amounts in hepatocytes. Substantial amounts of final reaction product were precipitated in the nuclei of liver parenchymal cells. A heterogeneous distribution of final reaction product was found in the liver lobule, with higher amounts in pericentral than in periportal areas (Figure la) .
When incubation was performed in the absence of hypoxanthine or in the presence of 0.5 mM hypoxanthine and 1.0 mM allopurinol, hardly any final reaction product was found except for nuclei of liver parenchymal cells ( Figure IC) . When the second visualization step was performed on cryostat sections without the first incubation step, nuclear staining was also present but the intensity was lower than when sections had been incubated previously in the presence of cerium ions. Cytophotometric analysis revealed that the amount of final reaction product formed specifically by xanthine oxidase activity (test minus control reaction) was reduced by 88% in the presence of allopurinol (Table 1) . Pure oxygen instead of air did not increase the specific amount of final reaction product, whereas replacement of air by nitrogen abolished the specific reaction almost completely ( Table 1) .
The localization and the amounts of final reaction product generated were similar in the presence and absence of azide ('liable 1). Sodium azide is an inhibitor of catalase and peroxidase activities, and therefore it appears that both enzymes are not involved in this histochemical reaction to detect xanthine oxidase activity.
The specific amount of final reaction product was decreased by 85% in the presence of 10 mM dithiothreitol (Table 1) . Dithiothreitol reduces oxidized S-S bonds into SH groups and causes a conversion of the reversible part of xanthine oxidase into xanthine dehydrogenase. Figure 2 shows that a linear relationship exists between the specific (test minus control) reaction of xanthine oxidase and the period of incubation up to 90 min, followed by a leveling off. A lag phase of 15 min was found before the test reaction became higher than the control reaction. A linear relationship was also found for the specific xanthine oxidase reaction and section thickness up to 12 pm, again followed by a leveling off (Figure 3) . Here, a lag phase was not observed.
When the concentration of hypoxanthine in the medium was varied, it was found that the reaction for xanthine oxidase activity follows zero-order kinetics at hypoxanthine concentrations higher than 0.1 mM. A fast increase of the reaction velocity was observed when the substrate concentration was increased between 0 and 0.1 mM (Figure 4) . A Km value of 0.05 mM was calculated from these data.
The validity of the histochemical method to quantify xanthine oxidase activity allowed the comparison of enzyme activity in periportal and pericentral areas of the liver lobule. Table 2 shows that xanthine oxidase activity was 50% higher in pericentral than in periportal areas.
Discussion
The present study shows that the semipermeable membrane method previously developed to detect xanthine oxidase activity in different tissues can be replaced by a technically more simple procedure using polyvinyl alcohol in the medium of the first incubation step (Figure 1 ). Both methods enable the detection of activities of soluble enzymes in unfixed cryostat sections Van Noorden and Vogels, 1989) . Omission of tissue protectants from the incubation media to detect xanthine oxidase activity resulted in lack of formation of final reaction product in the sections. This finding indicates that tissue protectants are essential in the histochemical assay of xanthine oxidase because the enzyme is soluble.
Light microscopic localization of activity in hepatocytes and sinusoidal cells was partly in agreement with electron microscopical , 1981,1986 ) and in the cytoplasm of hepatocytes of rat liver (Ichikawa et al., 1992) . The presence of xanthine oxidase activity in peroxisomes also shown by Dikov et al. (1988) could not be confirmed by us. In hepatocytes, we found diffuse staining rather than punctate staining as was found for D-amino acid oxidase using a similar reaction principle (Frederiks et al., 1993b; Patel et al., 1991) . Moreover, peroxisomal enzyme activity could even be detected when aqueous media were used without addition of polyvinyl alcohol . An explanation for the exclusive presence of xanthine oxidase in peroxisomes of parenchymal cells as found in the studies of Angermuller et al. (1987) and Dikov et al. (1988) may be that the fixation applied for these ultrastructural studies inactivated the soluble enzyme, whereas it induced conversion of the originally occurring D-form of the enzyme into the 0-form in peroxisomes. Electron microscopic studies on unfixed material are necessary to demonstrate the exact localization of xanthine oxidase activity in rat liver when our technique is applied. It has been demonstrated previously that unfixed cryostat sections can be used in combination with the semipermeable membrane for ultrastructural localization of the peroxisomal enzymes D-amino acid oxidase (Schellens et al., 1992) and uric acid oxidase (Van den Munckhof et al., 1994) .
The higher xanthine oxidase activity in pericentral than in periportal areas of the rat liver lobule is similar to the distribution pattern of the total activity of xanthine oxidoreductase (Dand 0forms), which is also higher in pericentral zones . Moreover, xanthine oxidoreductase activity was higher in sinusoidal cells, similarly to the activity of the 0-form. Therefore, it seems that in all liver cells a part of xanthine oxidoreductase activity is present in its 0-form. According to biochemical studies, approximately 20% of the total activity should be xanthine oxidase (Kooij et al., in press; Marubayashi et al., 1991; Della Corte and Stirpe, 1972) .
The present study clearly shows that the histochemical method is specific, because hardly any final reaction product was formed in the absence of hypoxanthine or in the presence of allopurinol, a specific inhibitor of xanthine oxidoreductase activity.
The method can be used for quantitative purposes because the specific amount of final reaction product increases linearly with incubation time up to 90 min and with section thickness up to 12 pm (Figures 2 and 3) . The leveling off at incubation times longer than 9 min may be caused by product inhibition (uric acid), which has been described before (McKelvey et al., 1988) . The leveling off for sections thicker than 12 pm is a common phenomenon in enzyme histochemistry when polyvinyl alcohol is used (Frederiks and Mam, 1988; Van Noorden, 1984) . The lag phase of 15 min before the test reaction yielded higher amounts of final reaction product than the control reaction (Figure 2) cannot be explained by an overcoming of the supersaturation level as occurs frequently i n metal salt methods (Van Duijn, 1991; Van der Ploeg and Duijndam, 1986 ). This lag phase should also occur when thinner sections are applied, which did not happen (Figure 3) . On the other hand, preferential precipitation of the final reaction product in nuclei, as occurred in both test and control reactions (Figure I) , indicates some local diffusion of the final reaction product before the supersaturation level has been reached. Subsequent precipitation takes place in a microenvironment that favors precipitation at much lower concentrations (De Jong, 1982; Van Duijn, 1991) . However, these localization artifacts occur in the second step reaction to visualize cerium perhydroxide. Ultrastructural studies of oxidase activity with the use of cerium never showed any cerium precipitation in nuclei (for review see van . The kinetics as found for the xanthine oxidase reaction in situ (Figure 4 ) are in agreement with biochemical findings, whereas the Km value of 0.05 mM is higher than the values of about 3 pM obtained with biochemical analyses performed on liver homogenates (Saito and Nishino, 1989) . This phenomenon has been observed before . Addition of dithiothreitol to the medium of the first incubation step reduced the enzyme activity by 85 %, and this probably means that the larger part of xanthine oxidase was present in the reversible 0-form. To prevent proteolytic and reversible conversion of the D-form into the 0-form of the enzyme, protease inhibitors and dithiothreitol are usually added to homogenization media (Kooij et al., in press; Terada et al., 1990) . Conversion of the enzyme during incubation in the histochemical assay is not likely because a linear relationship between formation of final reaction product and incubation time, as shown in Figure 2 , would not be expected if conversion were occurring. Therefore, it seems reasonable to conclude that about 85% of the 0-form of the enzyme is present in the reversible 0-form. This means that the histochemical procedure enables detection of the true in vivo xanthine oxidase activity without the disadvantages of biochemical procedures applied to homogenates in which (ir)reversible conversion of the D-into the 0-form may occur or artificial conversion of the 0into the D-form due to addition of dithiothreitol.
In conclusion, a simple and reliable histochemical method with the use of polyvinyl alcohol and cerium ions enables the detection of xanthine oxidase activity in parenchymal and sinusoidal cells in unfixed cryostat sections of rat liver. The amount of final reaction product as measured cytophotometrically reflects the in situ enzyme activity.
